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High-frequency discharges in gases have been studied by many investigators (see von Engel & Steenbeck 1934; Loeb 1939); unless the gas pressures are low, they have been found to differ little from d.c. discharges (Townsend & Gill 1938) . This is because, at pressures where the electrons have a short mean free path, compared with the size of the vessel used, and where after a collision all directions of rebound are equally probable, the direction of the electric field is immaterial. A much more interesting case, to which little attention has been given, is that of extremely low pressures of the order of a few thousandths of a millimetre of mercury. Here the difference between a.c. and d.c. is most striking. For d.c. thousands of volts are required to start a discharge, but with a.c. under proper conditions about 100 V suffice. The research to be described was confined entirely to these low pressures and attention was focused solely on measuring the potentials necessary to start a dis- [ 446 ] charge and suggesting a mechanism to account for the results. In practically all cases when the discharge has once started a much smaller potential will maintain it.
T h e d is c h a r g e t u b e s
Only external electrodes were used-'the electrodeless discharge'-and the discharge vessels were either spherical or cylindrical with flat ends. Various sizes were employed, most of them made of Pyrex glass. A pumping system, gauges including a Pirani, and means of admitting gas were attached to the vessel, and a liquid air trap was always present to keep mercury and other vapours from the bulb. During the first evacuation the bulbs were kept in a furnace for about .6 hr. at 500° C. Later one or two other types of bulb were used which will be described when the reason for their use becomes apparent. It was sometimes found that when the bulbs had been prepared in this way it was difficult to start a discharge at a very low pressure, but after a discharge had run for some time the glass ' cleaned up ' and thereafter they remained in a condition of easy starting and constancy.
G a s e s u s e d
The gases employed were helium, hydrogen, air and mercury vapour. The helium was of good purity and the hydrogen was introduced by means of a palladium tube. It appeared later that impurities were of no importance. 4 Figure 1 shows the circuit used for the measurement of the peak value of the starting potential. The bulb P was placed between two large circular electrodes A , B, which fo part of the oscillary circuit LC, tuned by the condenser C to any required frequency; for the shorter wave-lengths L was a single loop. A generator tuned to the same frequency was mounted on a wheeled truck, and as this truck was moved slowly towards L the potential across A B gradually rose till a dis method of measuring the potential across is so simple and convenient that it is wor^h describing in detail. DD are diode valves which must be very small to reduce their capacity, the acorn type (VR 92) being most suitable. They must be indirectly heated. The anodes are joined to A and B, and both cathodes are joined to one terminal Tx of a Ferranti small electrostatic voltmeter F for 150 or 500 V. The other terminal T2 goes to the midpoint M of two 2 MQ resistances. These resistances are sufficiently large not to disturb the oscillatory circuit but will pass ample current to work the voltmeter. The midpoint Mi s a potential voltage across A B the potentials between T2 and or are ± with peak values ± \E . The acorn valves pass current till at the peak there is no voltage across the valve which results in the voltmeter reading \E . It is, of course, essential to have all leads arranged so that no e.m.f. is induced in them from either the generator or receiver. The voltage range of the instrument can be altered by adding a sub sidiary battery voltage V in the line to T2. With polarity one way the peak \E is the voltmeter reading plus V, and with polarity the other way is the reading minus V. This last is useful to get the reading on a good part of the scale for small values of \E .
M e a s u r e m e n t o f t h e s t a r t in g p o t e n t ia l s

Starting potentials of high-frequency gas discharges
S iz e o f e l e c t r o d e s a n d i n f l u e n c e o f g l a s s w a l l s
It is obvious that for any theory or calculations a uniform field has great advantages over the non-uniform fields with sleeve electrodes or the like which have been popular hitherto. Uniformity can be obtained by making the electrodes large compared to their distance apart, but if they are made too large the resulting capacity increase makes it difficult to obtain high voltages on the shorter wave lengths. Preliminary experiments showed that if the electrodes were circles of radius r placed a distance d apart sufficient uniformity was obtained if 2r was equal to 3 d.As for the generator it was found that one using a transmitting valve rated at 40 W dissipation gave all the voltage required. If spherical bulbs of small diameter are used there is a danger that the refraction of the lines of force will weaken the field inside. This is only serious for bulbs of about 1 cm. radius. For flat-ended tubes used in all the chief experiments no error arises.
R e s u l t s o f t h e m e a s u r e m e n t s
The notation to be used in what follows is: = the peak value of the highfrequency electric field in V/cm., A = the wave-length of the generator in metres. The method of experiment was to measure X for different values of A, the pressure being kept constant. It was found that within the range of pressures considered (p = 1 to 8p) whatever the size or shape of the bulb the curve relating X and A had the same appearance which is shown in figure 2 for two cylindrical flat-ended tubes 3 and 6 cm. long respectively, both being 3 cm. in diameter and containing hydrogen at pressure l/i.
In this universal shape for the shorter wave-lengths from to it was found that the product X . A was almost exactly constant. From to there was a slight drop in X and at C there was a discontinuity. The wave-length corresponding to C will be called the 'cut-off' wave-length, and no discharge could be obtained for any longer wave although values of X up to about 1000 V/cm. were available. There is no sign of a cut-off at the short-wave end where the only limitation was the inability of the generator to give much power below A = 4 m. The cut-off is discussed in more detail in the next section. The fact that there is this abrupt change < v? at a certain wave-length below which a discharge is quite easily started and above which the tube appears to be a nearly perfect insulator is not only most interesting but is also the acid test of any theory.
The determination of a cut-off is not, however, as accurate as are the other measurements. In contrast to d.c. measurements the value of X for high-frequency is remarkably accurate. The readings repeat almost exactly even after an interval of weeks. The cut-off wave-length is not so precise. If, for instance, it is measured by starting with a long wave and gradually reducing the wave-length till a discharge can occur the result is not quite the same as that got by starting with a short wave, and increasing the wave-length till a discharge will not occur. The difference is not large, being of the order of a few per cent of the cut-off, and is most marked for the very low pressures. The reason is, as will appear later, that the cut-off depends somewhat critically on the condition of a glass surface, and any previous discharge alters this slightly. It was found from the Pirani gauge that however carefully the tubes had been baked out the pressure always rose slightly after a discharge for less than 1 p .Gas might have come from the sides which to that extent are alter A somewhat more subtle reason is that when a discharge is stopped it appears occasionally to leave charges on the glass. The dry glass being a good insulator some time elapses before these charges disappear and the extra field due to these charges alters the cut-off.
The cut-off depends on the pressure, as an instance using a 6 cm. flat-end tube with hydrogen the cut-offs were: Again for p = ftp: spherical bulb, internal diameter 6 cm., cut-off A = 26m.; spherical bulb, internal diameter 12*2 cm., cut-off A = 58 m.
Here also is reasonable agreement, and it should be noted that the 6 cm. spherical bulb has the same cut-off as the 6 cm. flat end when both are at pressure 6 A variety of experiments with vessels of various sizes always confirmed this law and lead to the rough working rule that in hard glass vessels the cut-off wave-length in metres is four times the diameter (or length) of the vessel in cm. This suggests that the ratio of the average velocity of electrons to the velocity of light is indepen dent of the size of the vessel (see § 9).
E x p e r im e n t s w it h d if f e r e n t g a se s
In short the result of these experiments was a surprising one that at pressures of the order of 1 fi,within errors of experiment, all gases gave exactly the same result. In the same vessel at a pressure of 1 ph elium, hydrogen, a the same X-A curve and the same cut-off.
The gases had all been carefully purified, and except in the last one liquid air traps were always used to freeze out any water or mercury vapour.
When the discharge had started it gave a spectrum appropriate to the particular gas in use.
The fact that the nature of the gas was unimportant removed the great bugbear of gas experiments-the question of purity-and it was unnecessary to worry about the small quantities of gas coming off the glass when discharges were produced at exceptionally low pressures.
Sim p l e t h e o r y
It is convenient at this stage to give a simple theory to account for these results because the latter experiments were suggested by the necessity of reconciling the theory where it failed to agree with some of the facts.
To summarize the results so far a theory must: (а) lead to curves of the shape of figures 2 or 3; (б) account for the cut-off and why the cut-off is proportional to the tube size; (c) explain why if p is increased slightly Xf alls slightly; (d) explain why as p is increased the cut-off A increases; (e) explain why all gases require identical values of X although giving their proper spectrum when the discharge starts.
The starting of a discharge means that the few electrons initially present have in some way been increased by a factor of some hundreds or thousands of millions. In a.c. discharges this is done largely by ionization by collision, but this idea presents great difficulties at 1/6 because the mean free path is many times the length of the vessel and the vast majority of electrons pass across to the sides without any col lision at all. It might be imagined that the oscillatory motion of the electrons in the high-frequency field could give them a sufficiently long free path before they reach the side to give each a good chance of an ionizing collision, but a consideration of their actual paths for the measured values of X proves this to be impossible. What, however, is quite decisive against this idea is the fact that X is independent of the gas. If gas ionization was the prime cause of the increase in the number of electrons the ionization potential of the gas would be the determining factor. This is different for every gas, and therefore X , which determines the maximum electron velocity, should also be different for every gas. To get the enormous increase required in the number of electrons initially present in any vessel if gas ionization is ruled out seems to leave only secondary emission from the glass as the possible cause.
Little Assuming that the pressure is so low that practically every electron crosses the tube without collision with a gas molecule this gives the possibility of an enor mous increase (in geometrical progression) in the number of electrons. All that is required is that the alternating electric force should take this constantly increasing stream of electrons backwards and forwards across the tube hitting the ends always with the same velocity. The velocity gained by the electron in its passage across depends on the variation of A in the transit, and therefore in successive movements to and fro X must vary in exactly the same way but must be in the opposite d tion for the two journeys. It is easy to see that this is only satisfied if the transit time is half the periodic time of the oscillation-or more generally an odd multiple of the half-period.
The phenomenon is thus a species of resonance, and it might appear at first sight that only a narrow band of wave-lengths would produce a discharge. The broadness of the band will be seen to be due to the fact that electron streams can be found to cross in widely varying times according to the phase when they leave the ends.
If this rapid increase is obtained the number of electrons quickly becomes so large that however long the mean free path enough ionizing collisions will take place with gas molecules to give a luminous discharge provided only that the electron speed is sufficient; and it was found that the speed necessary to give enough secondary emis sion was much greater than that required to ionize any gas.
When the high-frequency is first applied the few electrons normally present in every gas move to the ends, and arriving at different times may be regarded as giving a small supply of electrons ready to leave the ends at all phases of the first half-period.
The calculations start from the point when the electrons leave this end taken as x = 0 and are done for a flat-ended tube so that all electrons move the same distance down the tube. From the preceding discussion it appears that for a discharge to start at wave length A it must be possible to find an electron of phase < f> which under a force X sin art will obey the conditions:
(1) it will traverse the tube in a half-period; (2) the velocity when it hits the glass must be sufficient to cause more than one secondary to be emitted. What this velocity is depends on the nature of the glass, so that v has to have some definite fixed value and in consequence the x component of the velocity of emission v Q is also fixed. At pressure Ifi the mean free path is large compared with the size of the vessel so that the electrons may be regarded as in a vacuum. The equation of motion is mx = eX sinw£, and integrating this for the electron which at time t -(pjo)has 
Actually the curve X vs. A is a sextic, and it is better to calculate it by simple arithmetic for different values of k. Such a calculation is shown in table 2 for k = 10, using equation (3). In the second column is shown the factor by which XX2 must be multiplied to give d for different phase electrons, and similarly in the third column the factor by which XX must be multiplied to give v. These are both calculated in arbitrary units from equation ( 
The limiting < f> thus depends on k, and by trial and error (5a), (56) The fact that the cut-off wave-length is very approximately proportional to the length of the tube results from a general similarity theorem. Equation (3) shows that the distance d traversed in the half-period for a given ^ is proportional to XA2 and the final velocity is v0 -I-constant times XA. Thus if X is replace wA, the final velocity remains the same but the distance d becomes nd. Hence if the tube dimensions are increased by n, the conditions for proper impact velocity v and time of transit will be obeyed by increasing A by factor n and decreasing X by factor n. This is true for every value of < f) and in particular for the -(j> corresponding to the cut-off, which must have the same value in each case, as it depends only on and v. This similarity theorem is obeyed with considerable exactness for spherical bulbs where the dimension is the same in all directions, but the flat-ended ones compared had the same diameters. The value of 8 (figure the sides, and these will not be quite the same for this unequal expansion, and v, which was assumed the same in the above proof, is slightly different in the two flat ends. Experiment shows that this leaves the rule reasonably correct for the wave lengths, for according to §7 doubling the length increased the cut-off from 12-9 to 24-3 m., but the corresponding X at cut-off was only decreased from 28 to 18-7 V/cm. instead of being halved.
The slight variability noted in the cut-off wave-length is probably due to the fact that slight alterations in the glass surfaces due to previous discharges or other reasons may make slight differences in v0. These will not make an appreciable difference in the main curve, but the alteration in gives a measurable change of cut-off. While this paper was in preparation a publication by Alfven & Cohn-Peters ( 1944) was received in which the starting field strength of a discharge between internal metal electrodes in a long glass tube was measured in air at pressures of 10~3 to 10~4 mm. of Hg at A a 5 m. Its value was found to depend slightly on the gas pressure, and to be independent of the interelectrode distance (X of order 40 V/cm. at = secondary emission from the metal electrodes being regarded as the cause. The discharge extinguishes if the applied field exceeds an upper critical value. This is explained by similar reasoning to the one given here to derive the cut-off wave length.
The theory so far gives the flattish portion of the curve and also a cut-off, but over the left-hand portion the rise is too steep to agree with experiment. It may be noted at once that this divergence is irreconcilable. In all the experimental curves over this part XX was constant. In the theoretical curve this portion corresponds to different values of 0 and in the theoretical curve XAcos 0 is constant. This will be discussed in a later section.
Comparison between theory and experiments
The resemblance between the theoretical curve figure 5 and the experimental figures 2 and 3 has been noted. It remains to calculate the two unknowns vQ and v. One method among several is the following. As XAcos0 is constant, XX comes to a minimum for 0 = 0. For the 6 cm. tube as A is decreased this occurs at A = 9 m., X = 25 V/cm. (though as already noted the theoretical increase of XX for the shorter waves is absent). We assume therefore that the 0 = 0 electrons are operative for A = 9 m. The cut-off is A = 24m. and the ratio of these wave-lengths is 2*7 and table 4 gives k = 3*7. A check is now possible. What is of importance is that the maximum velocity of the electrons is of the order of 90 eV. This is far above the ionization potential of any gas, so that those electrons which do collide with gas molecules have a good chance of ionizing any gas and the spectrum of this gas then appears.
So far the theory has been based on the electrons moving in a vacuum. It is now desirable to consider briefly the effect of a small gas pressure.
It has been assumed hitherto that for each initial electron 8n will be in the space after n half-periods, 8 being the average number of secondaries for each primary. If 8 exceeds 1 by an amount however small a great number are rapidly attained, the half-periods being of the order of 10~8 to 10~7 sec. This assumes there are no losses and actually there are some. The secondary electrons are emitted at all angles and have a velocity component parallel to the flat face, and some of the secondaries therefore are lost to the sides before they reach the other end.
8 has therefore to be large enough to balance this loss and leave in addition an increase; 8 just greater than 1 is not adequate.
. This loss to the sides is shown very clearly by the results in figure 7 for three tubes of identical length 3 cm. but of different diameters 2, 4 and 6*5cm. respectively. The losses are proportionately greater the smaller the diameter. Hence the smaller this diameter the larger 8 must be; this means a bigger velocity of impact and therefore a larger X . This in turn involves a reduction in the cut-off A. The three curves agree with this.
The whole theory was worked out for increase by secondary electrons alone, the gas ionization being neglected, and this is correct for very low pressures. If, however, the pressure is slightly increased the gas ionization becomes appreciable and adds fco the growth so that 8 can be reduced. 8 depends only on the velo i.e. on X, so that X is slightly reduced. There is, however, a limit to this argument, for if p is so much increased that the average electron has one or more collisions per transit, the transit time and the final velocity may be seriously affected. At wave-length A for the appropriate X and (f) the streams of electrons go from end to end continually and always increasing in numbers, and the largest admissible value of -< j >gives the longest possible wave-length. For a slightly longer wave length than this and the same X the electrons still go to and fro for some time but eventually get out of step and lose their velocity-they are slightly ' out of tune ' The increase in number is therefore limited and not infinite as in the case of resonance. At extremely low pressures the chance of an ionizing collision demands an increase approximating to infinity, but for a higher pressure with more chance of collision the limited number produced out of resonance will suffice. Thus the higher the pressure the greater the allowable deviation of wave-length above the resonance value.
F u r t h e r e v i d e n c e o n t h e s e c o n d a r y e l e c t r o n e f f e c t
If the preceding explanation is correct the starting potentials should depend on the nature of the ends of the tube. To test this the ends of the 3 cm. hard glass tube were coated with palladium black which is known to be a poor secondary emitter.
The effect was pronounced. At a pressure of 1/4 it was impossible to get a discharge at all with the voltages available (A of the order of 200 V/cm.). The lowest pressure at which a discharge could be obtained was 19/4. The cut-off was A = 5*8 m.-about one-third of the clear glass-and for A = 5 m., X was 80 V/cm., or more than double the clear glass, indicating a very large value of The pressure was too high for any exact calculations.
Another test seems to be still more convincing. Two interconnected flat-ended glass tubes of equal size (3cm. long, diameter 2 cm.) were used simultaneously, one being made of Pyrex, the other of soda glass (XI). X is thus constant for all these shorter waves, but for waves longer than the wave length corresponding to < f i = 0 it cannot be constant, as that would length greater than the diameter. In this case the -^ electrons must come into operation and the theory must be satisfied-as it is.
At first sight, however, it is difficult to apply this explanation to the flat-ended tubes where all paths appear the same length, but it is suggested that the desired path lengths can still be found because as already mentioned the velocity component of the secondaries perpendicular to x causes a proportion of the electrons to hit the. sides. These collisions are distributed all along the sides, and some will occur at the appropriate distance from the ends. The force has, of course, given them the appro priate velocity quite independent of their small transverse velocity.
M u c h s h o r t e r w a v e -l e n g t h s
For the size of tubes and wave-lengths used the electron went from end to end in a half-period, but if much larger tubes or shorter wave-lengths are used this is not possible. In such cases the conditions for to-and-fro movement with continual increase can be satisfied if the time of passage is 3, 5, 7 or any odd number of half periods. One theoretical example is shown in figure 10 calculated for the previous case of k = 10. Unit X and A are the values for 0 = 0 for the passage in one half period. The limiting -0 must be the same in each case and gives as A cut-offs 1*74, 0-39, 0-22 for transit times of 1, 3, 5 half-periods respectively. The curves are drawn for these three transit times and come from equations (2). The first equation is the same in all three cases but the second becomes where n is the number of half-periods. It is of interest that whereas curve (1) in figure 10 rises steadily as wave-lengths are reduced below the cut-off, the curves (3) and (5) fall for a bit before rising. As explained the discharge usually evades the left-hand rise of the theoretical curve and replaces it by A = constant and this is drawn dotted. As the wave-length is reduced conditions move up this dotted curve and the tube slides successively into the use of successive odd half-periods. Naturally if the electrons take several half-periods to cross, the chance of ionization by collision is correspondingly increased; this is equivalent to using a higher gas pressure which facilitates the start of the discharge. a c e -c h a r g e e f f e c t s a n d w a l l c h a r g e s The theory has been worked out on the assumption that the only force is X sin As the electrons increase in number it is necessary to see whether space and wall charge forces may not have to be added.
S p
When the electrons have increased by Q in number as they have all come from the sides there must be positive charges \Q on the glass at each end. As the Q electrons move all together backwards and forwards the effect when they are at one end is as if the glass ends had charges ± IQ, and when they get are + ^Q.A potential V is thus set up between the ends which in a half-period changes to -V . Vgrows as Q increases. If this electric force were comparable to X the resonance would be upset, which would be serious for the theory.
To get an idea of the value of V consider the discharge tube 3 cm. long and 3 cm. in diameter. The capacity between the ends is ^ e.s.u. Suppose that Q has reached one million electrons, which should be ample to produce much gas ionization at these low pressures. The maximum equivalent charge on the condenser -106 = 2-4x 10_4e.s.u. This gives V = 12-8 x 10-4e.s.u. = 0-4 V. This is an electric force of just over 0*1 V/cm. and is negligible. The increase due to secondary emission can therefore be enormous without sensible effect on the resonance.
When the discharge becomes visible, however, except at the lowest pressures a different state of affairs is set up. The value of X to maintain the discharge drops to perhaps a half or a third of that necessary to start it. This is due to the positive space charge set up in the volume by gas ionization.
